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Animal cells are capable of self-organizing intomulticellular tissues, and important players in this process are
cadherin receptors. Through the homophilic interactions of cadherins, cells adhere to one another. Cells can
also dynamically change shapes or positions within tissue layers via cadherin-cytoskeleton interactions and
become arranged into various architectures.One of the remarkable discoveries in
developmental/cell biology in the early
1900s was that animal cells, isolated
by dispersion of tissues, behave like
independent organisms. Then, if cultured
properly, they can eventually reassemble
and reorganize into multicellular struc-
tures (Trinkaus, 1969). In vivo, although
tissue-forming cells donot normally disso-
ciate, those undergoing morphogenetic
movement or rearrangement behave like
liberated cells. This is particularly the
case for migrating cells, such as neural
crest cells and neuronal progenitor cells:
they detach from neighbors, move to
remote positions, andbecomeassociated
with new partners. These phenomena
suggest that the self-assembling ability
of cells, as seen through in vitro experi-
ments, plays a vital role in normalmorpho-
genetic processes.
Aggregates of dissociated embryonic
cells reconstitute tissues with an architec-
ture resembling the original one (Trinkaus,
1969). Suchobservations led early investi-
gators to propose that individual cells are
able to self-organize to form tissues. This
classic concept is being strengthened by
modern observations. For example, brain
cortices with typical lamina structures
can develop from ES cell aggregates
under purely in vitro conditions (Eiraku
et al., 2008). This suggests that, once
a group of cells has somehow acquired
a brain-specific lineage, they can autono-
mously construct brain structures without
passing through the normal steps of
development. Needless to say, external
signals or information are required for
the complete patterning of tissues and
organs, but what is emphasized here is
that the autonomous ability of cells is suffi-
cient to determine their local patterning.24 Developmental Cell 21, July 19, 2011 ª20Our knowledge about the self-assem-
bling behavior of animal cells could
facilitate technological innovations in
regenerative medicine or tissue engi-
neering, such as artificial tissue design.
Since these fields are rapidly growing,
this is an ideal time to take a fresh look
at early observations in this area of
biology and to pinpoint what needs further
clarification. Of critical importance to
tissue construction, and the focal point
of this commentary, is cell-cell adhesion
and how cell-cell adhesion molecules
contribute to the self-organization of
tissues.
Autonomous Cell-Cell Adhesion
How do cells adhere to each other during
tissue formation? In vertebrates, cell-cell
contact ismediated through three special-
izedstructures: tight junctions (TJs), adhe-
rens junctions (AJs), and desmosomes
(Franke, 2009). The TJs form the perme-
ability barrier across epithelial sheets,
and desmosomes are thought to serve
as the junctions for resisting mechanical
stresses. As a result of having these
specific functions, the TJs and desmo-
somes develop in particular groups of
cells. On the other hand, AJs are detected
in essentially all tissue-forming cells.
Invertebrates also have AJs, although
their junctional organization is a little
different from that of the vertebrates.
Thus, the AJs are highly conserved across
different cell types and species, suggest-
ing their general importance in animal
cell-cell adhesion and body formation.
The major cell-cell adhesion receptors
functioning at the AJs are called cadher-
ins, and desmosomes comprise similar
molecules. Since the cadherins constitute
a superfamily, and the functions of its11 Elsevier Inc.members are diverse, those that function
at the AJs are sometimes called ‘‘classic
cadherins.’’ Here, for convenience, they
are simply referred to as cadherins. The
cadherins are a group of transmembrane
proteins, and the homophilic interactions
between their extracellular domains
generate the forces that hold the apposed
membranes together. They associate with
cytoplasmicmolecules, collectively called
catenins (a-, b-, g-, and p120-catenins),
at the intracellular domain. In the absence
of catenins, cadherins cannot function
normally, indicating that their adhesive
functions are supported by these
cytoplasmic proteins. The extracellular
domain of cadherins assumes a rod-like
shape with a length of about 20 nm,
and their homophilic dimers bridge
a 10–20 nm gap present between the
apposed plasma membranes (Shapiro
and Weis, 2009), a hallmark of the AJs.
Curiously, the classic cadherins of inver-
tebrates are much larger than their verte-
brate homologs. It remains unknown
how these large cadherins are accommo-
dated in the intercellular spaces at the
AJs, whose dimensions appear to be
roughly conserved among vertebrates
and invertebrates.
When cells are artificially dissociated,
cadherins diffuse on the cell membranes
or are internalized into the cytoplasm.
However, as soon as cells touch one
another, cadherins become concentrated
at the cell-cell interfaces via their homo-
philic interactions, and they hold the cells
together. Owing to this nature of cadher-
ins, vertebrate embryonic cells are able
to self-assemble. In the absence of
cadherins, tissues are disorganized or
cells are unable to form firm contacts
with others (Figure 1A).
Figure 1. Multiple Roles of Cadherins or Cadherin-Based Adherens Junctions
(A) Cadherins are required for firm and ordered cell-cell associations.
(B) Cadherins take part in cell sorting. In amixture of cells expressing different cadherin subtypes, cells preferentially associate with those expressing the identical
subtype. Depending on the combinations of the subtypes, the two cell populations form chimeric aggregates via their heterophilic interactions (Katsamba et al.,
2009). Ecad, E-cadherin; Ncad, N-cadherin.
(C) Nectin-dependent cell patterning. Heterophilic interactions between different nectin subtypes, e.g., nectin-1 (N1) and nectin-3 (N3), are stronger than
homophilic interactions between the respective subtypes. Cadherins are recruited to the N1–N3 interacting sites, stabilizing the mosaic cell arrangements
(Togashi et al., 2006).
(D and E) AJs constrict via the interactions between the cadherin-catenin complex and F-actin, resulting in various forms of cell rearrangement, such as epithelial
sheet bending (D) and cell interaction (E) (Nishimura and Takeichi, 2009; Rauzi et al., 2008). Vertical (D) or horizontal (A–C, E) views of cells are shown.
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A tissue generally comprises multiple cell
types, and the different cell types are
neatly segregated from each other. This
segregation is an essential process for
tissue organization. How do cells recog-
nize their neighbors and obtain their
proper positions in a tissue? This has
been a long-standing question, and we
still do not have conclusive answers.
Multiple processes must be involved: not
only the control of cell adhesion but
also those of cell movement, polarity,
and so on. The differential adhesiveness
hypothesis (1963) explains the segrega-
tion of two cell types in an aggregate
by assuming that cells with a higher adhe-
sive strength position themselves inside
the aggregate, pushing other cell popula-
tions with weaker adhesiveness outward
(Steinberg, 1963). Such behavior of cells
was indeed proven by using a mixture of
cells expressing high and low levels of a
cadherin (Steinberg and Takeichi, 1994).
However, it still remains unclear how this
strategy of cell sorting is used in morpho-
genesis in vivo.
Another view of cell sorting is based on
qualitative differences in cell adhesive-
ness. Early studies showed that cells
prefer homotypic adhesions to hetero-
typic ones (Roth and Weston, 1967). For
example, liver and retinal cells selectively
attach to their own cell types in mixtures.This phenomenon can be well explained
in terms of the cadherin binding speci-
ficity. There are multiple subtypes of cad-
herins, such as E-cadherin (uvomorulin/
LCAM) and N-cadherin (ACAM), and
each subtype is expressed in particular
groups of cells (e.g., E-cadherin in epithe-
lial cells and N-cadherin in neural cells),
although there is no strict tissue speci-
ficity in their distributions. In general,
a single cell type expresses multiple cad-
herin subtypes, but the combinations and
proportions of them differ among the cell
types. In mixtures of cells expressing
different cadherin subtypes, cells prefer-
entially adhere to those expressing the
same cadherin subtypes (Figure 1B),
although the degree of selectivity varies
with the combination of the subtypes
(Katsamba et al., 2009).
During development, the cadherin
expression profile changes in correlation
with tissue segregation events. A well-
known example is during neural tube
development, when the overlying ecto-
derm expresses E-cadherin, but this
E-cadherin is replaced with N- and other
cadherins in the invaginating neural
plate, while E-cadherin remains in the
ectoderm (Takeichi, 1988). Such observa-
tions suggest that a switch in cadherin
subtype expression might contribute to
the segregation of tissues. Indeed, when
N-cadherin is ectopically overexpressedDevelopmental Cin the ectoderm, the separation of the
future epidermis and neural tube does
not take place normally (Fujimori et al.,
1990). In other cases, however, the switch
in cadherin expression is not so simple;
for example, during the segregation of
lens from the future cornea, E-cadherin
expression is not turned off in the invagi-
nating lens epithelium, although N-cad-
herin is newly added to the lens-forming
cells (Takeichi, 1988). This type of incom-
plete switching occurs widely. A question
here is whether this ‘‘addition’’ alone is
sufficient to promote the segregation of
two cell groups. To obtain conclusive
answers, it would be important to look
at the effects of genetic perturbation of
cadherin expression patterns in vivo. For
example, what happens if E-cadherin
expression persists without the addition
of N- or other cadherins in the invaginating
neural plate during neural tube formation?
In addition, it should be noted that
cadherin subtypes are not functionally
equivalent, as N- and E-cadherins are
not completely substitutable for the
maintenance of tissues (Libusova et al.,
2010). The biological roles of cadherin
subtype switching thus need to be further
investigated.
Cell sorting is also controlled by coop-
eration of cadherins with other adhesion
molecules such as nectins, a subfamily
of immunoglobulins that also localize inell 21, July 19, 2011 ª2011 Elsevier Inc. 25
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actions to homophilic ones, in contrast
with the homophilic nature of cadherin
interactions. Therefore, the combination
of nectins and cadherins results in the
generation of complex cell-adhesive
behavior. For example, when cells ex-
pressing nectin-1 and -3 are mixed,
these cells are arranged in a mosaic
pattern due to their heterophilic interac-
tions (Figure 1C), and cadherins work to
stabilize this pattern of cell adhesions via
their later interactions with these nectins
(Togashi et al., 2006). This type of cooper-
ation between multiple cell-cell adhesive
systems likely contributes to the produc-
tion of complex cell sorting patterns,
which cannot be achieved by a single
mechanism.
Cadherins in TissueMorphogenesis
One of the critical factors in determining
tissue morphology is the polarity of cells.
In epithelia, the AJs are localized near
the apical end of cell-cell contacts, and
this polarized localization of AJs is likely
critical in determining the epithelia-
specific 2D structures. Mesenchymal
cells, on the other hand, do not exhibit
such polarized AJ distributions, and their
association patterns tend to be more
irregular. Whether or not cells have
polarized AJs thus affects cell patterning.
This can be seen from the beginning of
mouse development, where blastomeres
of mouse preimplantation embryos begin
to polarize at the late 8-cell stage with
the generation of the apical junctional
complex. This junctional polarization,
however, occurs only in the outer layer
of the embryo, and unpolarized cells
occupy the inner portions. These differ-
ences in junctional organization in turn
regulate the fates of the respective cell
population: the outer cells differentiate
into the trophectoderm and the inner cells26 Developmental Cell 21, July 19, 2011 ª20become the inner cell mass (Nishioka
et al., 2009). Thus, the polarization of the
AJs is involved not only in segregation of
cell populations but also in their
differentiation.
Evidence has accumulated that cad-
herins interact with actin cables via
a-catenin. This means that the cell-cell
adhesion and motile/contractile machin-
eries can closely cooperate with one
another. In the epithelial AJs, cadherins
associate with the circumferential acto-
myosin ring. This ring contracts due to
the action of Rho kinases, causing
a constriction of the apical portion of the
cells (Figure 1D). This mechanism of cell
shape changes is important for morpho-
logical modulations of epithelial layers
(Nishimura and Takeichi, 2009). The acto-
myosin-associated AJs are also used in
more sophisticated ways to control cell
rearrangements. In the process of germ-
band elongation of Drosophila embryos,
cell junctions in the overlying epithelial
layer contract locally. This local contrac-
tion of the junctions leads the cells to
intercalate (Figure 1E), which in turn
promotes the convergent extension of
tissues (Rauzi et al., 2008). What is
important in these observations is that
the local changes in the junctions of
individual cells regulate the global pattern
of cell collectives. This is a critical point in
explaining the tissue-organizing behavior
of animal cells.
The cadherin-catenin complex inter-
acts not only with F-actin but also with
many other proteins, including microtu-
bules and signaling factors (Nishimura
and Takeichi, 2009). Studies of themolec-
ular and biological roles of these interac-
tions are currently producing findings
that will further disclose the novel
morphogenetic functions of AJs or cad-
herins. In conclusion, cell-cell adhesion
mechanisms are more complex and11 Elsevier Inc.dynamic than previously thought, and
individual cells seem to ingeniously use
the cadherin and associated systems for
organizing highly ordered multicellular
structures.REFERENCES
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